Abstract-The present-day ocean remote sensing instruments that operate at low microwave frequencies are limited in spatial resolution and do not allow for monitoring of the coastal waters. This is due to the difficulties of employing a large reflector antenna on a satellite platform, and generating highquality pencil beams at multiple frequencies. Recent advances in digital beamforming focal-plane arrays (FPAs) have been exploited in this paper to overcome the above problems. A holistic design procedure for such novel multibeam radiometers has been developed, where: 1) the antenna system specifications are derived directly from the requirements to oceanographic surveys for future satellite missions and 2) the numbers of FPA elements/receivers are determined through a dedicated optimum beamforming procedure minimizing the distance to coast. This approach has been applied to synthesize FPAs for two alternative radiometer systems: a conical scanner with an offset parabolic reflector and a stationary wide-scan torus reflector system, each operating at C-, X-, and Ku-bands. Numerical results predict excellent beam performance for both systems with as low as 0.14% total received power over the land.
by using the frequency and polarization state of the microwave radiation detected by the antenna. Despite such versatility, the exploitation of microwave radiometry in Earth observation has been constrained by the difficulties of generating antenna beams with low sidelobes and cross-polarization, and accomodating several feeds operating at different frequencies, when deploying the antenna on a satellite platform [1] . In particular, for high resolutions demanded by oceanographers, the current antenna designs would need to be scaled up to a physical size that is too large to be achievable or affordable within typical Earth observation infrastructure budgets. For this reason, space agencies have been seeking solutions to overcome what seems at present to be an unpassable barrier to further significant improvement of a whole class of remote sensing methods.
The European Space Agency (ESA) is currently considering the ocean missions where extreme weather, climate variability, and coastal and marginal-ice-zone studies are strong drivers [2] , [3] . These studies require a very high radiometric resolution, i.e., around 0.25 K, and at the same time a high spatial resolution approaching 20 km at C-and X-bands and 10 km at Ku-band (see Table I ) [4] . This desired performance represents a significant improvement compared with existing space-borne radiometer systems, such as AMSR-E and WindSat [5] , [6] . They feature spatial resolutions around 55, 35 , and 20 km at the C-, X-, and Ku-bands, and the radiometric resolution provided by AMSR-E is 0.3 K at the C-band and 0.6 K at the X-and Ku-bands, while for WindSat it is around 0.7 K. Moreover, future systems are required to provide valid observations up to very short distances from the coastline, i.e., 5-15 km, while the existing systems can observe only up to ∼100 km.
It can be shown that the desired spatial resolution calls for a reflector antenna with ∼5 m aperture diameter [7] that is very challenging considering the experience of Soil Moisture Active Passive (SMAP) mission, which has a 6 m reflector [8] , [9] . On the other hand, for all three frequency bands, the bandwidths are limited to a few hundreds of MHz that makes it possible (at least in theory) to achieve very low noise temperatures of the receivers. However, even the most optimistic receiver noise properties cannot ensure the required radiometric resolution when considering a single beam scanning system [see Fig. 1(a) ]. For a scanner, the only solution is to employ Operational principle of (a) conical scan and (b) push-broom microwave radiometers for ocean remote sensing.
several independent beams per frequency and improve radiometric resolution by integrating several footprints (FPs). This calls for a large number of overlapping beams-in the present case up to 30 beams at the Ku-band. An alternative is a pushbroom system [10] , [11] , where many beams cover the swath simultaneously, as shown in Fig. 1(b) . Using traditional feeds, each antenna beam is associated with its own receiver, and high radiometric resolution is achieved thanks to the fact that the signals associated with multiple across-track FPs do not have to be multiplexed through a single receiver. Radiometric resolution is no longer a problem, but a more complicated antenna design (a tilted parabolic torus reflector) is needed as well as many beams-for the present case up to 156 at the Ku-band. Realizing these, while correcting for the antenna field distortions causing the well-known triangular FPs and their large separation on the Earth [10] , [11] , represents a great challenge. In addition, the implementation of this concept should be feasible regarding the resource requirements, i.e., the size, mass, and power consumption.
As demonstrated in this paper (see Section IV), the above radiometric requirements cannot be fulfilled by using traditional cluster feeds of horns (in one-horn-per-beam configuration), employed at such multifrequency radiometer antennas. Recent studies initiated by ESA [12] [13] [14] [15] have identified a promising solution that originates from the field of radio astronomy [16] [17] [18] [19] [20] [21] [22] , where instrument designs have evolved to meet the high-sensitivity and large-coverage requirements of ground-based observatories exploring the universe without the above challenges. This solution is based on "dense" focal plane arrays (FPAs), where many small antenna elements take part in the formation of each beam (so that each beam can be optimized for high performance, even far off-axis beams) and the same element takes part in the formation of multiple beams (so that the FPs overlap), thanks to digital beamforming. Dense FPAs capable of generating multiple beams find their application not only in radio astronomy, but also in telecom applications, where they are referred to as multibeam antennas in multifeed per beam (MFB) configuration. [25] [26] [27] have developed compact and high efficient feed arrays made by closely spaced horn antennas excited by a beamforming network. It is noted that MFB antennas for telecom applications are located on the geostationary orbit and are driven by requirements which differ from the ones for radiometric applications treated in this paper.
The requirements for radiometer systems will be discussed in Section II, and translated into antenna system specifications and beam characteristics to optimize for. The reflector antenna geometries used in this paper are briefly described in Section III. Section V will cover the synthesis of FPAs for such systems, and include the following original contributions: 1) a dedicated optimum-beamforming algorithm minimizing the distance to coast; 2) optimized antenna patterns and radiometric parameters-as obtained for the half-wavelength dipole element FPAs-that fulfill all above requirements with almost twice less elements in comparison to the conventional conjugate-field-matching optimization approach [12] ; and 3) validation of the simplified array model with the assumed identical embedded element patterns (EEPs) [12] , [14] across the full MoM model for the purpose of the FPA synthesis. Finally, digital receiver resource requirements will be considered in Section VI. TO ANTENNA SYSTEM SPECIFICATIONS The requirements for future missions in Table I are defined in terms of performance metrics for oceanographic surveys, i.e., spatial resolution, radiometric resolution, bias, and distance to coast. Since these terms are not commonly known by antenna designers, next we will summarize their definitions and use these to derive the antenna system specifications.
II. FROM OCEANOGRAPHIC REQUIREMENTS

A. Spatial Resolution (FP) ⇒ Reflector Diameter
The radiometer spatial resolution is defined by the FP, which is the area on the Earth surface bounded by the projection of the radiation pattern at −3 dB level. Sometimes the FP size along track is of importance (when, e.g., the scan rotation rate should be calculated) and sometimes we discuss the FP across track (when, e.g., the radiometer sampling rate should be The required spatial resolution in Table I is defined in terms of the average FP size on the Earth's surface
where θ 3dBL and θ 3dBT are the half-power beamwidths of the antenna main beam along the elevation ("along track") and azimuth ("across track") directions, respectively, expressed in radians; ν is the incidence angle as measured from the normal to the Earth's surface and Y is the distance from the satellite to the observation point on the Earth. The FP is directly related to the antenna beamwidth, and hence determines its aperture diameter. This diameter should be at least 5 m for the present case (ν = 53°and Y = 1243 km) in order to realize the FP of 20 km at the C-band. Since for the considered system, the same antenna is used at different bands, and the same FP cannot be obtained at both C-and X-bands. The required FP shall, therefore, be considered a guideline, and values both slightly above and below can be acceptable. The important factor is that the beam crossover points should be at the −3 dB level. This means that if the FP is reduced, more beams are needed to cover a particular region on the Earth.
B. Bias ( T ) ⇒ Acceptable Cross-Polarization Power
Bias is a systematic error of the measured brightness temperature of the sea. For full polarization radiometers, T is typically driven by polarization leakage. The approximate values of the sea temperature for the incidence angle 53°a re T v = 150 K and T h = 75 K in vertical and horizontal polarizations, respectively. To measure T h , one can select the copolar component as the horizontal polarization. The crosspolarization component of the pattern, however, will pick up the vertical component of the radiation from the sea, which has a temperature of 150 K. Using the assumption that the amount of radiation received from the sky is negligible, it is sufficient to consider the antenna pattern in the angular region covering the Earth only, and hence compute the total temperature as T b = T v P cross + T h P co , where P co and P cross are the copolarization and cross-polarization received powers in the angular region of the Earth, normalized to the total field power (P co + P cross ) in the same angular region. Then, T can be found as
where P cross is the acceptable relative cross-polarization power of the antenna pattern that covers the Earth. Using (2), one can show that the requirement for T = 0.25 K can be satisfied only if P cross does not exceed 0.34%. Table I states that D c should be 5-15 km, when measured from the FP. The reason behind this requirement is that the brightness temperature of the land is much higher than that of the sea. This means that the power in the antenna pattern over land must be sufficiently small. In order to assess the influence from the land, the cross polarization can be neglected. The brightness temperature of the land surface is about T land = 250 K. Assuming the measurements at horizontal polarization, the sea temperature is around T h = 75 K. If there is no land below the satellite, the radiometer will receive an amount of power proportional to T h P co . If the satellite covers both the land and sea regions, the power from the sea is T h (P co − P land ), where P land is the relative copolarization power in the land region. The signal from the land is T land P land . The measured temperature and T are, therefore
C. Bias ( T ) ⇒ Distance to Coast (D c ) = Acceptable SideLobes
We will now determine D c with the help of Fig. 2 , where we have assumed a straight coastline and a circular-symmetric beam with the beamwidth of θ 3dB . The beam is located over the sea and the distance from the peak to the coast is indicated by the angle θ c , while the power in the cone with semiangle θ c is denoted by P c . The power outside this cone is P co − P c and approximately half of this power will fall on the land, so we have P land = (P co − P c )/2. Substituting this into (4) gives
Inserting the required T ≤ 0.25 K in (5) gives
Equation (6) shows that the required accuracy is obtained when the coastline is located outside a cone around the main beam containing 99.72% of the total power on the Earth. Hence, in order to reduce D c , one should minimize this cone. Then, D c can be defined as the angular difference θ c − θ 3dB projected on the Earth surface, that is
For nonsymmetric patterns, the same procedure can be used, where the beamwidth θ 3dB is assumed to be equal to the average beamwidth for all antenna pattern cuts.
It should be noted that due to nonzero incidence angle ν, the shape of the FP stretches in the along-track direction by the factor 1/ cos(ν). Therefore, the distance-to-coast in the along-track direction will also be factor 1/ cos(ν) larger than the calculated one from (7) if the reflector antenna beam is circular symmetric. However, for the present case, the beamformer minimizes D c , making the beam elliptical with major axis in the across-track direction. This elliptical beam results in an FP close to circular symmetric, and therefore, the initial assumption of a circular antenna beam gives close approximation of the D c value.
D. Radiometric Resolution ( T Min ) ⇒ Number of Beams
Radiometric resolution is the smallest change in input brightness temperature that can be detected. For a fullpolarization radiometer, it can be found as
where τ is the integration interval, B is the radiometer effective bandwidth, T rec is the receiver noise temperature, and N b is the number of beams. Since T h T v , it is more affected by the erroneous power signal from land. The required T min can be achieved by making a tradeoff between N b for a given reflector diameter and complexity of the feed. For a conically scanning antenna, rotating at 11.5 r/min, N b in the along-track direction is selected such to cover the same strip width on the Earth at each frequency band. To reach the required T min , we need the following: 1) two beams along track at 6.9 GHz; 2) three beams along track and seven beams across track at 10.65 GHz; 3) five beams along track and six beams across track at 18.7 GHz. For a push-broom case, the antenna is stationary, and its T min is about one order of magnitude better than the one for the scanner. This is at the expense of a very large N b and correspondingly a large number of receivers. For a swath of 600 km, we need the following: 1) 58 beams across track at 6.9 GHz; 2) 89 beams across track at 10.65 GHz; 3) 156 beams across track at 18.7 GHz. For both cases listed above, we have considered an FP overlap of ∼30% both along track and across track to assure accurate sampling of the temperature scene on-ground and the values of B and T rec , as shown in Tables I and II [7] .
III. REFLECTOR ANTENNA DESIGN
To cover the required 600 km swath on the Earth surface, a beam scan about ±20°is needed. Due to high aberrations, stationary single-parabolic-reflector configurations are not suitable for such tasks. To solve this issue, one option is to consider a rotating reflector assembly as done for the SMAP mission [8] , [9] , but that goes at the cost of low integration time spent over an FP (thus low radiometric resolution T min ) and increased complexity of the satellite platform, which must support mechanically rotating reflector system. Another option is to use a nonconventional toroidal reflector, which has already been investigated in late 80s with a cluster feed of horns [11] . Such a radiometer configuration is stationary and provides high radiometric sensitivity thanks to many simultaneous beams; however, a much more complex receiver must be implemented, comparing to the conical scan configuration.
We have investigated different reflector systems, including conventional offset parabolic reflectors with circular and elliptical apertures as the conical scanner, and toroidal single-and dual-reflector antennas for the push-broom concept.
The conical scan antenna is a conventional offset paraboloid with projected aperture D of 5 m and circular rim. The clearance is set to 1 m in order to provide space for the feed cluster and the focal length f is set to 3 m in order to make the design more compact.
The push-broom antenna is a torus reflector with projected aperture D of 5 m. The torus is obtained by rotating a section of a parabolic arc around a rotation axis. The focal length of the parabolic generator is also 5 m. A possible way of obtaining the torus is shown in Fig. 3 : the feed axis is selected parallel to the rotation axis, implying that all feed element axes are parallel and orthogonal to the focal plane. The array feed becomes, therefore, planar, simplifying the mechanical and electrical design. The antenna shall be able to provide a scan of ±20°corresponding to a swath width of 600 km. The reflector rim is found by intersecting the torus surface by the Fig. 3 . Design procedure of a parabolic torus reflector (red surface): the parabolic profile (black circles at the bottom), defined in the coordinate system "Parabola CS" and with focal point F, is rotated around the green axis of rotation which itself is tilted with respect to the parabola axis. This transforms the profile focal point F to the focal line (arc) along which a PAF will be positioned. The arc angle defines the maximum beam scan angle and, correspondingly, the swath width.
feed cone up to the out-most scan positions of 20°and −20°( see [12, Fig. 3] ). The antenna projected aperture is 5 × 7.5 m. A more detailed explanation of the design procedure of the torus reflector can be found in [11] .
IV. LIMITATIONS OF CLUSTER FEEDS OF HORNS
Cluster feeds for space-borne multifrequency radiometers are typically designed to provide a Gaussian-type beam with strong illumination taper toward the edge of the reflector (when seen in transmit situation) in order to maximize the antenna beam efficiency and minimize the sidelobe and crosspolarization power [30] . A typical example of such feeds is a conical horn antenna. This approach, however, leads to: 1) the lower spatial resolution due to the widening of the FP and 2) the difficulty to accommodate several feeds due to their large apertures, and hence several bands. Fig. 4 (a)-(f) shows these limitations for the considered scanner and push-broom systems, respectively. As seen, P cross of the scanner can only be minimized by employing a feed with the aperture diameter larger than 5λ and illumination taper that is <60 dB at 35°. This gives FP > 30 km and D c > 23 km at the C-band, while FP = 20 km and D c = 5 −15 km are desired. The shortest D c that can be achieved is ∼20 km, for which the realized P cross is at least 3 times higher than the desired 0.34%. At higher frequency bands, realizing the required D c is not a problem, as the sidelobe levels can be significantly reduced [see Fig. 6(c) ] by underilluminating the reflector aperture, while providing FP = 10 km. However, the cross-polarization power is not acceptable.
For the push-broom system, the dependence of the radiometer characteristics from the illumination taper is similar to that of the scanner, and even larger feed apertures are needed due to the more shallow surface of the reflector. The main challenges for this system are attributed to the complex shape of the torus reflector and, as the result, more complex focal field [compare Fig. 5(a) and (b) ]. The high coma-sidelobes and noncircular main lobe of the focal field distribution of the torus reflector [see Fig. 5(b) ] cannot be accurately sampled by a single (horn) antenna feed, and this is the reason of the high sidelobe of the antenna far-field pattern [see Fig. 7(a)-(c) ], and hence too large distance-to-coast. In contrast, dense FPAs are capable of handling these complexities, as will be demonstrated in Section V.
V. DENSE FOCAL PLANE ARRAYS
A. Array Models and Configurations
Based on the requirements derived in Section II, three FPAs of half-wavelength dipole antenna elements covering C-, X-, and Ku-bands have been designed for each radiometer. First, we computed the focal fields of several plane waves corresponding to the desired beam directions, and then used these to derive the minimum aperture sizes of FPAs and their positions in the focal regions, as shown in Fig. 5 . After that, a parametric study was carried out to determine the minimum needed N el and the corresponding interelement separation distance d el . Note that to reduce the computational time, we have simplified the original MoM array model by assuming that all EEPs are identical to that of the central element (the validity of this assumption will be confirmed in Section V-D). The EEPs for each unique set of N el and element positions were imported into the reflector antenna software GRASP10 to compute the secondary EEPs, which, in turn, were used to determine the optimum element excitation coefficients that will be discussed further. Table III summarizes the results of this parametric study. As one can see, for the conical scanner, we need 127, 263, and 333 antenna elements for the C-, X-, and Ku-bands, respectively, to provide 2, 21, and 30 beams. Since the radiometric resolution of the push-broom system is much higher (due to many more beams), as one can expect, this comes at the expenses of more elements. It is important to note that the required numbers of elements, determined through this optimization procedure, are almost twice smaller than when applying a conventional conjugate-field-matching optimization approach (see [12, Table 3] ).
For both systems, the optimal d el is near 0.75λ; this value satisfies the grating-lobe free condition [13] and also minimizes the active impedance variation of antenna elements due to their nonidentical excitation [31] , [32] .
B. Choice of the Array Radiating Element
The main requirements for the array radiating element are that: 1) it should be small enough to design the array with interelement spacing less than 0.75λ in order to avoid the grating lobes [13] and 2) it should be possible to use in a dual-polarization configuration. Since the relative bandwidth required for the ocean remote sensing does not exceed 5 . . . 10%, it is not critical for element selection.
For arrays with the interelement spacing in the order of half wavelength, the optimal number of elements has been found weakly dependent from the element type, but primarily set by the following: 1) element excitation coefficients [33] ; 2) area of the array aperture, which depends on the focal field power region to be intercepted by the array feed for meeting the beam requirements [13] ; 3) interelement spacing in the array, which should be small enough for the accurate focal field sampling [13] .
Other practical implementation requirements include a good impedance match between the antenna elements and amplifiers to minimize the receiver noise, robust and low weight spacequalified design.
For the purpose of this paper, i.e., to investigate different reflector systems at several frequency bands, it is sufficient to consider a simple half-wavelength dipole element when evaluating a complete set of radiation patterns and radiometer characteristics. For cross comparison, we will show some selected results for the push-broom antenna at the X-band for three different element types, which are: 1) a half-wavelength dipole antenna; 2) RUAG's patch-excited cup [34] ; and 3) a Vivaldi antenna [35] . These results are summarized in Table IV, which Fig. 5 . Example of focal field distributions due to multiple plane waves incident on (a) conical scan reflector antenna and (b) torus reflector antenna at the C-, X-, and Ku-bands, as calculated using the Physical Optics software GRASP10. For each frequency band, the array layout is overlaid above one (for push broom) or two (for conical scanner) focal field distributions.
include: 1) EEP cuts of the FPA central element; 2) the optimal excitation coefficients of copolarized and cross-polarized array elements; and 3) corresponding radiometer characteristics. It is interesting to observe that despite the fact that all the element types have different EEPs (especially for the cross-polarization field component), the values of predicted radiometer characteristics differ insignificantly. The reason for that is the capability of the beamformer to compensate for these differences in the patterns.
Another interesting observation can be made about the cross-polarization power for each radiating element. Despite the cross-polarization level within the reflector, subtended angle is the lowest for the PAF of dipole elements and the largest for the Vivaldi PAF (see the EEPs in Table IV), the power contained in the cross-polarized field component after beamforming behaves in the opposite way, i.e., it is the smallest for the Vivaldi PAF (see "Rel. cross-pol. power" row in Table IV ). This can be explained by the capability of the beamformer to use orthogonal array elements to compensate for the cross-polarized component of the secondary field, which is generated by the array elements and reflector itself. This can be seen from the excitation coefficients, where the cross-polarized elements are most strongly excited for the Vivaldi array.
C. Optimization Procedure for Element Excitation
In Section II, it has been shown that the antenna far-field beam should contain 99.72% of the total power within a circular cone with half-angle θ c to realize the desired D c . The goal is, therefore, to determine the excitation coefficients such that the angle θ c becomes as small as possible, i.e., D c is minimized.
The far field from the reflector antenna can be written as
where E far,i is the field due to element i , N el is the total number of elements, and α i is the corresponding complex excitation coefficient. The radiated power within the cone of half-angle θ c can be written as
If the expression (9) is inserted in (10), it is seen that it becomes a quadratic polynomial in the α i variables and can be written in the form
where α = [α 1 , α 2 , . . . , α N ] T and H is the Hermitian operator. The matrix A is Hermitian of size N el × N el such that the expression in (11) becomes a real number. Note that the matrix A is a function of θ c . The power P c (θ c ) in (10) must be related to the total radiated power from the feed array. This power, P tot , can be computed from the expression (10) if θ c is replaced by π/2 and the reflector patterns E far,i are replaced by the array element patterns E far,array,i . Again the power P tot becomes a quadratic polynomial in the variables α such that
For a given value of θ c , it is thus desired to find the excitations α that maximize the ratio
It can be shown that the maximum value of this ratio is the maximum eigenvalue λ of the expression Aα = λCα (14) and that the vector holding the complex excitation coefficients is given by the corresponding eigenvector.
The present optimization method is similar to the one reported in [14] -which is based on a more general signal-tonoise-ratio algorithm-but simpler to implement. Since for the considered application scenario, the optimization is strongly driven by the acceptable sidelobe and cross-polarization power of the antenna, and the radiometric performances obtained by the two algorithms are very similar.
D. Antenna Patterns and Radiometric Characteristics
Dense FPAs offer more degrees of freedom in beamforming, as compared to conventional feeds, and thereby can provide highly optimized beams with more circular-symmetric main lobes and much lower cross polarization and sidelobe levels, as shown in Figs. 6(d)-(f) and 7(d)-(f). This results in significantly better radiometric characteristics for both systems. As one can see in Table V , the realized D c of the conical scanner is 6.6-14 km and P cross is only 0.10%-0.15% (i.e., about one order of magnitude better than for the horn feed); for the push-broom radiometer, the respective quantities are less than 16 km (while the horn feed cannot fulfill this requirement) and 0.08%-0.12% (i.e., three times better than the horn feed). Furthermore, the latter system has wide scanrange performance, where the characteristics of all multiple beams within the angular range of ±20°are virtually identical, thanks to the symmetry of the torus reflector in the azimuthal plane and the moon-like shape of the FPA that matches the focal line of the reflector [see Fig. 5(b) ].
The accuracy of the above analysis (that is based on the assumption of identical array element patterns) has been evaluated by cross-comparing the antenna patterns and corresponding radiometric characteristics with those obtained through the full MoM model. Fig. 8 shows the results for the C-band, as the worse-case scenario among the considered ones. As seen, the relative difference between the far-field patterns obtained with the simplified and more rigorous FPA models is negligible, so as the difference between the corresponding sets of radiometric characteristics (see Table V ). This observation might appear counterintuitive, given a significant variation between the EEPs of the array, as shown in Fig. 8(a) . However, one should realize that the optimal pattern of the feed leading to the minimum distance to land represents a combined effect of the EEPs and element excitation coefficients. Hence, when the optimization algorithm is applied to the set of nonidentical EEPs, the excitation coefficients are modified with respect to that determined for the identical EEP case. For the considered arrays with more than 100 dipole antenna elements, the resultant optimal feed patterns have been found very similar for both array models [see the example for C-band in Fig. 8(b) and (c) ]. This observation, however, may not be valid for arrays with fewer and denser-spaced elements.
VI. RECEIVER CONSIDERATIONS
In this section, we briefly consider receiver resource requirements in order to see if implementation of the present antenna concept is feasible and realistic. We consider the receiver where the signals from different antenna elements contribute to more than one beam, and each antenna element is connected to its own receiver, followed by an A/D converter. The beamforming process takes place in a field programmable gate array (FPGA), using complex digital multipliers and adders. Both the scanner and the push-broom system require a large number of elements to fulfill the radiometric requirements. Hence, resource requirements concerning the size, mass, and especially power consumption are important issues. A study of the state-of-the-art microwave components, assuming a superheterodyne receiver (see [37, Fig. 7] ), has been carried out. It has been found that at the considered frequency bands, most components are small and lightweight, and thus volume and mass are not deemed to be a problematic issue. Power consumption has dropped dramatically over the past decade, and 1 W per receiver is now a realistic estimate. Furthermore, the output signals from FPA elements have to be optimally combined in a dedicated beamforming network to form the desired antenna beams. This involves a number of FPGAs and the average power consumption is estimated to be 0.24 W per receiver. Future radiometers must include intelligent radio frequency interference (RFI) detection and mitigation processors. Based on a representative case study of such a processor [38] , the power consumption can be estimated to be 0.14 W per receiver.
In summary, the power estimate is: 1+0.24+0.14 = 1.38 W per receiver, using present state-of-the-art components. The total number of receivers is 6228 in the push-broom case. This results in a total power consumption of 8.6 kW, which is not realistic today. For the scanner with 723 receivers, the estimate is 1000 W-a large number, but feasible. This paper is a preparation for the future, and it is of interest to base a power budget on realistic developments over a five-year time frame. Already now, A/D converters able to subsample signals up to X-band are available in research labs, and within very few years, the Ku-band is also possible. Thus, we do not need the superheterodyne layout, and the local oscillator and its power consumption can be avoided. The new, fast A/D converters use very small signal levels typically around −35 dBm, and hence not much gain is needed in the receiver (also saving on power). The development concerning amplifier power consumption is also impressive. For global power budget estimates, we can within a few years assume ∼35 mW per receiver. If we assume a similar reduction for processing circuitry, the result is 9 mW for the beamforming network, and 5 mW for the RFI processor, i.e., 49 mW per receiver. For the push-broom system, this amounts to a total power consumption of 305 W, which is certainly realistic. For the scanner, the estimate is about 35 W.
VII. CONCLUSION
Existing space-borne microwave radiometers that are used for the assessment of ocean parameters like salinity, temperature, and wind can provide valid observations only up to ∼100 km from the coastline, and hence do not allow for monitoring of the coastal areas and ice-edge polar seas and measuring under extreme wind and weather conditions. To achieve the desired precision, as required for future missions, we propose digitally beamforming dense focal plane arrays (FPAs)-previously not used in space-borne applicationsemployed either in a traditional conical-scan offset parabolic reflector antenna or in a wide-scan torus reflector system. When synthesized and excited according to the proposed optimum beamforming procedure-aiming to minimize the signal contamination given by the sidelobes and cross polarization of antenna beams covering the land-the number of the FPA antenna elements and associated receivers can be kept to minimum. In this procedure, the input parameters include the number of array elements, their positions, and the secondary EEPs, which are computed after the illumination of the reflector antenna, and the output parameters are the optimal complex-valued element excitations. Although the primary EEPs are generally not identical, due to the array antenna mutual coupling and edge truncation effects, for the considered FPAs with more than 100 dipole antenna elements and interelement spacing of 0.75λ, it has been found sufficient to use a single primary EEP, i.e., the one for a central element of the array, as the source of the secondary EEPs for all elements in order to accurately predict the achievable radiometric characteristics.
For both types of radiometers, the realized resolutions are at least twice higher than the values provided by the current systems, and the distance to coastline is as short as 6-15 km.
This excellent performance was shown to be impossible with traditional multifrequency FPAs of horns in one-horn-perbeam configuration, as these cannot compensate for the high cross polarization of off-axis beams in conical scanners, and produce unacceptably high sidelobes due to severe focal-field undersampling effects in torus reflector systems.
Our analysis of realistic developments of digital processors predicts acceptable receiver resources budget for such multibeam radiometers within a five-year time frame.
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